What the Casimir-effect really is telling about zero-point energy 
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The attractive force between metallic surfaces, predicted by Casimir in 1948, seems to indicate 
the physical existence and measurability of the quantized electromagnetic field's zero-point energy. 
It is shown in this article, that Casimir's derivation depends essentially on a misleading idealization. 
When that idealization is replaced by a realistic assumption, Casimir's argument turns to the exact 
opposite: The observed Casimir force does positively prove, that the electromagnetic field's zero- 
point energy does not exert forces onto metallic surfaces. 
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I. IS THE ZERO-POINT ENERGY OF 
QUANTIZED FIELDS OBSERVABLE? 

General relativity theory (GRT), and the relativistic 
quantum field theories (QFT) of the standard model of 
elementary particles, are describing all experimental ob- 
servations with impressive accuracy — as long as GRT 
or QFT are used separately. But as soon as one tries to 
combine these successful theories, serious problems turn 
up. One of the most spectacular examples of such incom- 
patibility has been dubbed "the cosmological constant 
problem" . A by now classical review article on that issue 
has been compiled by Weinberg [T] . See the article by Li 
et. al. [5] for an updated review. In short, the cosmolog- 
ical constant problem manifests itself as follows: 

According to the field equation 
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of GRT, the curvature of space-time, represented by the 
Ricci-tensor (R^u) an d it's contraction R, is proportional 
to the energydensity-stress-tensor — henceforth named 
es-tensor for brevity — (T^), which again is determined 
by the energy density and the momentum density of all 
fields contained within space-time, i. e. of all fields with 
exception of the metric field [g^v)- 

Upon canonical quantization of any classical continu- 
ous field, the Hamilton operator of that field will diverge. 
For example, canonical quantization of the classical elec- 
tromagnetic field results into the Hamilton operator 



^EE^tW + W^ (2a) 
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with a?£ and being the creation- and annihila- 
tion-operators respectively of photons with wavenumber 
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k and polarization v. The summation is running over all 
of the infinitely many wavenumbers fe, which are com- 
patible with the normalization volume (if an infinite nor- 
malization volume is chosen, the sum is replaced by an 
integral). Due to the commutator, the energy is infinite. 
The waves described by the second term in ( 2b ) are the 



zero-point-oscillations, and their energy is the zero-point- 
energy, of the quantized electromagnetic field. 

The observed curvature of intergalactic space is close 
to zero [3], suggesting that either 

(a) the cosmological constant A in ([lj should be ad- 
justed, to compensate the zero-point-energy of the quan- 
tum fields, or that 

(b) the zero-point-energy of the quantum fields should be 
considered as "not existing" , or that 

(c) some combination of (a) and (b) should be considered. 
Alternative (a) calls for a fine-tuning of the cosmolog- 
ical constant A with an accuracy of many dozens of dec- 
imal digits, the exact number depending on the method 
applied for regularization of the diverging term in ( 2b I . 
Therefore this solution — though being completely cor- 
rect under purely formal criteria — does seem to be quite 
"unnatural" , and is not considered acceptable by many 
scientists. 

On first sight, there seem to be less objections against 
alternative (b). In pure quantum- field-theoretical com- 
putations (neglecting gravity), only energy differences 
matter, but not absolute energy values. Therefore the 
offset of an infinitely large zero-point energy is merely 
a tiresome ballast without discernible functionality. To 
get rid of that offset, normal order is often applied as 
an ad- hoc measure. It means, that in (2a) all creation 



operators are shifted left, and all annihilation operators 
are shifted right, under disregard of their commutation 
relations! Thus the Hamilton-operator becomes 
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and the infinite energy offset has disappeared. 

As the results of quantum field theoretical compu- 
tations are not changed, if normal order is applied to 
the Hamilton operator, and as no gravitational effect of 
the zero-point-energy of quantum fields is observed, one 
might very well ask whether that zero-point-energy does 
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exist at all. Words like "existence" or "reality" in this 
context of course mean the question, whether the zero- 
point-energy is observable and can be tested experimen- 
tally. 

A possible method to observe the quantized electro- 
magnetic field's zero-point energy — and actually the 
only method proposed until today, besides the missing 
gravitational effect — has been suggested by Casimir [4 
in 1948. According to Casimir's computation (on which 
we will dwell below) , the zero-point oscillations cause an 
attractive force 
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D 4 /^m 4 



between two parallel metallic plates with area XY, which 
are separated by a gap of width D. Since then, the 
Casimir-force has many times been measured, and the 
- at least approximate — correctness of equation ^ 
has been confirmed [S]. 

These observations still do not conclusively prove the 
reality of the zero-point energy, because a completely dif- 
ferent explanation for the same observations is available: 
Lifshitz [B] and Dzyaloshinskii, Lifshitz, and Pitaevskii 
[7] have computed the long-range van der Waals-forces, 
which are acting between two infinitely extended half- 
spaces with relative dielectric constants £i and £3, which 
are separated by a gap filled with a material with relative 
dielectric constant £2. Schwinger, DeRaad, and Milton [5] 
reproduced and confirmed the results of Lifshitz et. al. . 
They also considered the limit Ei — £3 — > 00, £2 — > 1, 
i. e. the limit of two metal plates with infinite conductiv- 
ity, separated by a vacuum gap. It turned out that the 
formula of Lifshitz et. al. simplifies in this limit to the 
Casimir-force 

Thus two different explanations exist for the same ex- 
perimental results, and it seems to be merely a matter 
of taste, which one to prefer. Jaffe [2] called Casimir's 
method of derivation of equation (|3| "heuristic" , as the 
assumption of infinite conductivity of the metal plates 
(which is equivalent to taking the limit a — > 00, with 
a being the QED coupling constant) is obscuring the 
true nature of the interaction between the electromag- 
netic field and the charged matter in the metallic plates. 
While this criticism certainly is justified, even a heuristic 
argumentation may lead to correct results eventually. 

In an attempt to clarify the validity and significance of 
Casimir's approach, in this article the important differ- 
ence between the two methods of derivation of the force 
inbetween the metal plates is addressed. While Lifshitz 
et. al. did the complete computation consistently with fi- 
nite parameters ex, £2, £3, Casimir started his compu- 
tation with the assumption of finite conductivity of the 
metal plates, and changed only at the very end of the 
computation to the limit e — > 00, to arrive at equation 
|3]). Experimentalists then again must apply corrections 
to Casimir's formula, reflecting the final conductivity of 
the metals used in their experiments, to achieve good fits 
of their results [5]. 



What would be the outcome of Casimir's method of 
computation, if the detour via the assumption of infi- 
nite conductivity of the metals is avoided? The answer 
to this question, which is detailed in the following sec- 
tions, is quite surprising: The experimental confirmation 
of Casimir's formula ^ is proving — exactly opposite 
to Casimir's interpretation — that the electromagnetic 
field's zero-point energy does not exert forces onto metal- 
lic plates, i. e. that the observed forces by no means are 
related to the electromagnetic field's zero-point energy. 



II. CASIMIR'S COMPUTATION 




FIG. 1. Cavity resonator with movable plate 

Casimir considered a resonator as sketched in figure 
[I] The rectangular cavity's size is X x Y x (Z + P). 
Inside the cavity there is a plate of thickness P, which is 
aligned parallel to the cavity's XY-iaee and movable in 
Z-direction. The plate's distance from one side wall of 
the cavity is D, it's distance from the opposite side wall 
is Z - D. 

We firstly consider the left cavity. At temperature T, 
it's walls and the plate are in thermodynamic equilibrium 
with the electromagnetic blackbody radiation within the 
cavity. The spectrum of the radiation's wave numbers is 
discrete: 



S7T \ 2 / tix 

,xj ky) + (d 

with r, s, t e N 

There are 2 modes each with r,s,t = 1, 2, 3, . . . and 
1 mode each with one of the indices and the both 
other indices 1, 2, 3, . . . [10, chap. D.II.2.b.]. 



(4) 



This equation does not hold for arbitrary wave numbers, 
because any metal becomes transparent for radiation of 
sufficiently high frequency. The transparency of metals 
at very high frequency is a basic condition for Casimir's 
derivation of formula ([3]). Casimir was well aware of 
this condition, which he emphasized in his publication 
[3]. He introduced "a function f(k rst /k M ), which is unity 
for k rst <C k M but tends to zero sufficiently rapidly for 
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k rs t —> oo" . But he did not specify the concrete form of 
f(k rs t/k m ) explicitly. 

To design f(k rst /k M ) realistic, we assume the cavity 
and the plate to be made of copper. The reflectivity R 
as a function of wave number is quite complicated, see 
[Til fig. lb]. For the purpose of our investigation, the 
rough approximation 



R = exp{- k rst /k M } 



with k M — 38 • 10 6 nT 



(5) 



for the reflectivity of copper is completely sufficient. (fc M 
is about 0.8 x the plasma- wavenumber of copper |llj ac- 
cording to the Drude-model.) 

At temperature T = 0, only the zero-point oscillations 
of the electromagnetic field are excited. The energy per 
mode then is hck rst /2, and the zero-point energy enclosed 
within the cavity is 

Up = 2^' ^ ckrst exp{-fc rst /fc M } . (6) 



The prime' at the summation symbol is a reminder, that 
the multiplicity of polarizations, as indicated in Q, has 
to be considered. At most one of the numbers r,s,t of 
an oscillation mode can be zero, and terms with one zero 
index get a factor 1/2. 

Casimir considered the limit X —¥ oo and Y — > oo. 
Thus he could replace the sums over the discrete indices r 
and s by integrals. Only the sum over t is still considered 
discrete. It has been elaborated elsewhere [12j sect. 4] in 
very detail, how ^ then can be transformed into 
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The coefficients i?, are the Bernoulli-numbers 



acting onto the movable plate, which is caused by the 
different content of zero-point energy in the both cavities, 
can be computed. (The index zpe stands for zero-point 
energy.) With the approximation 
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which is well justified for all experimental evaluations of 
the Casimir force, the result is 



-Fzpe — — 
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Here different values A; Mj i e ft and fc M ,right have been in- 
serted, considering the unavoidable differences in reflec- 
tivity due to surface contaminations, scratches, and the 
like. This will be discussed in detail in the next section. 
Casimir did not consider such possible differences. In- 
stead at this point of the computation, he switched to 
the limit fc M ,icft = ^m, right ~~ ► o°i which immediately led 
to his formula pL 

Skipping the last term, named A in ( |12| , indeed is 
justified in most cases, because the Bernoulli-expansion 
is converging rapidly: 



< 



1/(120 D 4 ) 



5% forD>0.2^m 
1% forD>0.5^m 



(13) 



But it was a misleading idealization, to neglect the fc 4 
term. 
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The expansion, which led to the series with the Bernoulli 
coefficients, does converge only for 



D > 



1 



(5, 



13.2 nm 



(9) 



For smaller distance D between the movable plate and 
the cavity wall, ^ is not valid. 

(JtJ) is the zero-point energy enclosed within the left 
cavity of figure[T] The energy within the right cavity is 
found due to replacing D everywhere by Z — D. Then 
the force 
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III. KEEPING PARAMETERS REALISTIC 



Due to the idealizing assumption k 



Casimir dropped the term 6(fc 4 I left 
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^M, right J 
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J/tt 4 . This 

term is describing the fragile balance of two forces, 
which are tremendous in comparison to the Casimir-force 
~ 1/(120 Z? 4 ). Using the realistic parameter fowlI^S • 
10 6 m _1 , the ratio of these forces is 



6fc 4 A 4 
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2.5 • 10 4 forD = 0.2/xm 

1.5 ■ 10 7 forD = l.Q/im 

9.6 ■ 10 9 forD = 5.0/im 



(14) 



Only with excellent, and actually not realistic match of 
reflectivities of the both sides of the plate, the Casimir 
force can become visible. For D = 1 /jm, the ratio of the 
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forces is 
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Actually, the experimentalists don't even try to achieve 
good matching surface conditions on the both sides of the 
movable plate. For example in the Purdue experiment 
[T3l[T4] , the wall of the cavity is replaced by an Au-coated 
sphere, and the movable plate is replaced by a 3 thick 
silicon plate, which is Cu- or Au-coated on it's side facing 
the sphere, but un-coated bare Si on it's rear side. In a 
Yale experiment |15j , the cavity wall again is replaced by 
an Au-coated sphere, while the movable plate is replaced 
by a SiN membrane, which is Au-coated on it's side facing 
the sphere, but un-coated bare SiN on it's rear side. 

Still these experiments — like all other experiments, 
which as well don't pay attention to the surface condi- 
tions of their movable plate's rear sides — are seeing the 
Casimir-force ([3]), but not the force Fzpe = (12) caused 
by zero-point energy. 

If the zero-point energy would exert forces onto metal- 
lic surfaces, then the term fc 4 left — fc 4 right would domi- 
nate the observed forces in all of these experiments, mak- 
ing the tiny ~ D~ 4 Casimir-force invisible. .Fzpe does 
not depend on D, and it can — depending on the relative 
reflectivities of the two sides of the movable plate — be 
attractive or repulsive. No force with that signature has 
ever been reported from any Casimir-force experiment. 

Thus the experimental observations of the Casimir- 
force ([3]) do stringently prove, that the force Fzpe = ( 12 ) 
(caused by the electromagnetic field's zero-point oscilla- 
tions) does not exist. 

This result saves us from an intricate consideration: If 
a real photon impinges onto a metal surface, it may be 
reflected, or it may be absorbed, or it may be transmit- 
ted. In contrast, zero-point energy obviously cannot be 
absorbed. Otherwise any piece of matter, which is sur- 
rounded by the electromagnetic field's ubiquitous zero- 
point oscillations, would absorb by and by short-wave- 
length zero-point radiation, convert it into high-energy 
phonons, which within soon would thermalize into many 
low-energy phonons. Eventually, the matter would emit 
part of that energy again in form of low-energy real pho- 
tons. Thus matter would permanently convert high-en- 
ergy zero-point photons into lower-energy real photons, 



thereby heating up to infinity. 

In his final result, Casimir switched to infinite con- 
ductivity of the metal, thus excluding absorption. But 
in course of his derivation, as he clearly pointed out in 
his publication [3], Casimir assumed that most of the 
long-wavelength zero-point oscillations are reflected by 
the cavity walls, and most of the very-short-wavelength 
zero-point oscillations are transmitted. But he never as- 
sumed that absorption might happen at any wavelength. 
This is a very strange, and almost contradictory assump- 
tion, because — if considered on a microscopic scale — 
the processes of absorption and reflection of electromag- 
netic radiation are almost identical. Therefore it seems 
to be a far-fetched idea, that a real metal, which is able to 
reflect some zero-point electromagnetic radiation, should 
not be able to absorb that same zero-point radiation. 



IV. CONCLUSIONS 

The findings presented in this article certainly do not 
solve the cosmological constant problem. But they may 
be helpful to avoid blind alleys, and to stir the search 
for a solution into the right direction. The essential facts 
are: Firstly, no gravitational effect, caused by the zero- 
point energy of quantum fields, has been observed. Sec- 
ondly, the results of QFT — including all of the impres- 
sive achievements of QED like Lamb-shift, electron g- 
factor, hydrogen hyperfine-splitting, and so on — can be 
found, 



is applied to the Hamilton 



if normal order ( 2c ) 
operator. Thirdly, as shown in this article, the observed 
Casimir-force is definitely not caused by zero-point en- 
ergy. 

In total, no experimental evidence at all is indicating 
the measurable, observable existence of the zero-point 
energy of quantum fields. Therefore, instead of renor- 
malizing the cosmological constant A (or even modify- 
ing GRT), it is certainly more promising, to approach 
the problem directly at it's root, i. e. to somehow remove 
zero-point energy from QFT. The crude measure of nor- 
mal order is not an acceptable solution, as the disregard 
of the non-commutative operator algebra is irreconcilable 
with the basic principles of QFT. Unfortunately, at this 
moment I cannot offer a better solution. 
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